Abstract. The novel element of the rapid single flux quantum (RSfQ) logic family-the quasi digital voltage amplifier (QDVA)-which was recently proposed theoretically. has now been designed and experimentally investigated. The QDVA can be employed both as a logic element in digital circuits and as analogue voltage amplifier. The correct operation of the SFQ doubler has been demonstrated up to the output voltage 0.5 mV and with very large margins (up to 60%). The proposed aDVA can be integrated on the same chip with a SOUID sensor; it significantly simplifies the matching circuits and seems to be very attractive for the multichannel and digital SQUID systems.
Introduction
The recently suggested (Likharev et al 1985 , Mukhanov et al 1987 rapid single flux quantum (RSFQ) family of the Josephson digital devices differs radically from the latching ones by much higher operation speeds. Even in the first experiments (Koshelets et al 1987; Kaplunenko et al 1987) the proper operation of RSFQ logic family basic components including NOR circuits has been demonstrated at clock frequencies up to 30 GHz. The 30% operation margins for the T flip-flop at clock frequencies below 130 GHz have been achieved, the possibilities to convert the information from usual DC potential form to SFQ and vice versa have been successfully demonstrated (Kaplunenko et al 1989) . The experimental implementation of the counter-type ADC based on a reversible SFQ binary counter (Filippenko et aJ 1991) is very promising for high-accuracy measurements of the medium-bandwidth signal. At the same time the SFQ circuits have rather small output voltages ( ~ 200 pV). One promising SFQ element is the voltage amplifier which had been theoretically considered by Semenov et al (t 987, 1989) ., but it had rather small operation margins.
The new SFQ element--quasi-digital voltage amplifier (QDvA)-was recently proposed (Kaplunenko 1991) , the wide margins (> 30%) due to direct connection of the Josephson junction by means of superconducting inductances have been numerically calculated. The main part of the QDV A is a doubler of the SFQ pulses or DC voltages because the repetition rate of pulses is strictly connected with the average voltage due to the Josephson relation. The correct operation of the SFQ doubler is limited by the plasma frequency of the utilized junctions. There are two possible ways to connect the In' SPQ doublers in a QDVA. In the case of a series connec-0953-2048/91/110671 + 03 $03.50 C 1991 lOP Publishing Ltd tion the precision voltage multiplication by 2" can take place, but the output voltage will be limited by the plasma frequency as for the single SFQ doubler. For the parallel connection an amplification of (n + 1) times can be obtained and the output voltage would be limited only by the number of the stages. J 2 (J 2 L1 < 2nc:D o ) and the flux quantum passes to the bottom interferometer J 2, L 2 , L4 ~ J 5' As a result the phase difference appears on the inductance L 2 -4 , inducing a clockwise current in the contour J 3 L3 J 4 L2 L 4 · This additional current reduces the total current through J 3 and adds to the current through J 4 . If the total current through J 4 exceeds the critical one the junction J 4 generates an SFQ pulse and an antiquantum penetrates into the top interferometer J 3' L 3 , J4~ L 2 ==4' When the quantum and anti-quantum are in both interferometers the currents through junctions J 3 and J 5 exceed the corresponding critical values. This leads to the junctions switching and to the removal of the quanta from the interferometers; thus the circuit is returned to its initial state. Summing up, two voltage pulses appear on the output of the multiplier as a result of the quantum passing through the bottom and antiquantum through the top interferometers. If the load junction J 6 is connected to the doubler output, it should be switched twice in succession.
Circuit dealgn
Figure l (b) shows the computer-calculated voltages on the output of the doubler with the load junction. One can easily see two separate pulses appearing on the output. Resistor R 1 delays one of the pulses and gives a possibility for junction J 6 to distinguish these pulses. It is possible to connect the input of a similar doubler to the junction J 6 and realize the serial connection of the QDVAS. The switching time of the overdamped junction limits the maximum possible frequency of the pulses train (e.g. the output voltage). Numeiical simulations (Kaplunenko 1991) give a value V~~x = 0.6 VC5 where ~ = 1 c Rn is a characteristic voltage of the employed junctions. If one needs to obtain a large voltage on the output, the parallel connection is required. In this case the junction J 6 is not used and the pulses from junction J 4 could be used as a input signal for the next stage.
The output voltage for this type of amplifier is (n + I)Jlin' where n is the number of the doublers. Figure l( c) shows the computed voltages on the output of the simpiest ceil (n = 1) of the paraiiei muitipiier (output 2 in figure 1 (a». One can see there are no separate pulses on the output 'and the amplification takes place due to the broadening of the output voltage pulse. The computer simulations give the value V:u~x = 1.9 ~ for the maximum output voltage in this case.
Experimental results
The experimental circuits were fabricated using the allrefractory material 5 /lm design rule technology; they contain four superconducting layers. Overdamped unhysteretic Josephson junctions are necessary for SFQ devices. The trailayer Nb SNEAP technology is employed to fabricate the high quality tunnel junctions externally shunted by Mo resistors (Koshelets et al 1991) . The 'unit' junction 5 x 5 p..rn 2 has critical current 150 p.A and characteristic voltage Vc ~ OJ m V. All measurements were carried out at temperature 4.2 K.
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In real experiments we used a line of the Josephson junctions instead of J 1 to avoid the back influence of doubler to the input junction. As figure 2(a) shows, the correct operation of the doubler with a load resistor takes place up to 45 p..V on the input or 90 p..V on the output which is half the calculated value. Figure 2( b) shows the experimentally measured voltages for the doubler without load junction as a function of the input voltage. One can see that the voltage doubling takes place up to 0.46 mY. It is a bit less than the 0.6 mV predicted by computer simulation. This discrepancy might appear due to the fact that the experimental value of Pc was higher than used in the computer simulation. Furthermore, the resonances in the interferometer modify its /-V curve and limit the output. voltage.
For the experimental value of the inductances L 2 -4 = 2.72 pH, and taking into account the junction capacitances and additional capacitance between the superconducting electrodes, one can obtain the resonance voltage Vr 115 flV for the interferometer J 2, ; L 4 ., J s. This resonance causes the peculiarities on the J-V curve figure 2) and seems to limit the maximum operating voltage Vi:
ax ~ 230 p..V. The same resonance peculiarities appear in figure 3(a) which shows the ranges of the correct operation as a function of bias output current /4 at the different input voltages. In figure 3(b) the operating ranges obtained by changing the adjustment current I L = Is -12 through the inductance L2-4 for the fixed input voltage Jlin = 128 p..V are shown. One can see iathei huge maigins (up to 60% at some voltages), but more careful design is required to avoid the interferometer resonances.
Quasi-digital voltage amplifiers can be used as part of the SQUID feedback circuit (see, for example, Clarke 1989) . Figure 4 shows one of the possible circuits which could be used with the QDV A as an analogue amplifier in the feedback circuit. The output signal from the SQUID (J I. J 2' L 2 ) is connected to the SFQ comparator (J 4, J 5, J 6) which provides the pulse train with frequency corresponding to the difference of the SQUID and reference generator (J ,) signals. In this case one can use a series QDV A with large In' to increase the dynamic range. The voltage on the output of the QDVA is proportional to the changing of external magnetic flux through the SQUID contour and could be applied to a feedback loop (L 1 , R .). All elements in Figure 4 can be integrated on the (see figure 1 (a) ). The origins of all curves are shifted by a value proportional to the current I L'
same chip so that a rather high signal level is available directly from the cryostat and only simple room temperature electronics is required. It should be noted that Quasi-digital voltage amplifier the proposed amplifier is quasi-digital and is sensitive only to the repetition rate of the input pulses; this means that the QDVA does not add any noise of its own to the SQUtD signal.
